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SIGNAL PROCESSOR, RECEIVER AND
SIGNAL PROCESSING METHOD

FIELD OF THE INVENTION

The present invention relates to a processor for processing
aplurality of Fourier-transformed instances of'a symbol, each
instance being comprised in one of a plurality of frequency-
divided multiplexed subcarriers,

The present invention further relates to a receiver compris-
ing such a processor.

The present invention yet further relates to a method of
processing a plurality of Fourier-transformed antenna sig-
nals, each signal comprising a plurality of frequency-divided
multiplexed subcarriers, each subcarrier comprising a sym-
bol, wherein at least two subcarriers comprise different
instances of the same symbol.

BACKGROUND OF THE INVENTION

Orthogonal Frequency Division Multiplexing (OFDM) is
an attractive transmission scheme for wireless systems to
achieve high data rates. It has been widely adopted in differ-
ent wireless standards, e.g., DVB-T/H, ISDB-T, IEEE
802.11a/g/n. With an appropriate guard interval, OFDM pro-
vides a spectrally efficient transmission scheme that is robust
to the multipath spread of the wireless channel by a simple
equalization.

Although the robustness against multipath eftects and high
spectral efficiency are advantages of OFDM systems, the
OFDM systems are sensitive to mobility, i.e. the transmission
of'an OFDM signal from a non-stationary transmitter and/or
the reception of the OFDM signal by a non-stationary
receiver. Since mobility results in Doppler spreading, it leads
to the loss of orthogonality among the subcarriers known as
inter-carrier interference (ICI). If not compensated, ICI ham-
pers the reception at the mobile terminals for instance
because ICI increases the bit error rate (BER) in a processed
signal.

Antenna selection is one of the simplest and most effective
ways of obtaining diversity in receivers comprising multiple
spatially separated antennas for receiving the OFDM signal
through different channels. Since each channel consists of a
different set of multiple paths, a channel can be selected in
which the signal-to-noise ratio (SNR) is maximized within
the set of antennas.

Receive antenna selection mechanisms are especially
popular due to their ease of implementation without the need
to change the communication standard. Several antenna
selection mechanisms have been investigated for conven-
tional multiple receive antenna systems, MIMO systems. In
“Some Elementary Suboptimal Diversity Reception Schemes
For DVB-T in Mobile Conditions” by Jukka Rinne in IEEE
Transactions on Consumer Electronics, 46(3), 2000, pages
847-850, an SNR-based receive antenna selection mecha-
nism for mobile OFDM systems is discussed.

In time-invariant channels, receive antenna selection pro-
vides spatial diversity and mitigates the effects of fading.
However, in time-varying channels, conventional SNR based
antenna selection has limited capability since the interfer-
ence, i.e. the Doppler spreading, which determines the per-
formance of mobile OFDM systems is not considered in these
conventional antenna selection processes.

SUMMARY OF THE INVENTION

The present invention seeks to provide a processor for
processing a signal comprising a plurality of frequency-di-
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2

vided multiplexed subcarriers such as an OFDM signal, in
which the Doppler spreading-induced ICI of the received
signal is effectively mitigated.

The present invention further seeks to provide a receiver
comprising such a processor.

The present invention yet further seeks to provide a method
for processing a signal comprising a plurality of frequency-
divided multiplexed subcarriers such as an OFDM signal,
wherein the Doppler contribution to the received signal is
effectively mitigated.

According to a first aspect of the present invention, there is
provided a processor for processing a plurality of Fourier-
transformed antenna signals, a plurality of Fourier-trans-
formed instances of a symbol, each instance being comprised
in one of a plurality of frequency-divided multiplexed sub-
carriers, said processor being arranged to estimate, for each
instance, the channel gain and the inter-carrier interference
contribution to said symbol from neighboring subcarriers due
to time-varying channel response; and combine the instances
into a single representation of said symbol based on the esti-
mated channel gain and inter-carrier interference contribu-
tions.

The present invention is based on the realization that sev-
eral instances of the same symbol, such as received or trans-
mitted by different antennas or by different subcarriers car-
rying the same symbol, wherein the different subcarriers may
be part of the same or different signals, can be combined using
combining metrics to reduce the ICI contribution to the com-
bined signal. Since different instances of the same symbol
will be received on different subcarriers or on different chan-
nels in time or frequency or have traveled through different
multipath channels due to the use of multiple transmit or
receive antennas, the channel gain and ICI contribution to the
different instances of the subcarriers carrying the symbol will
also differ. Hence, the estimation of the channel gain and ICI
contribution to each symbol instance can be used to effec-
tively reduce this contribution by combining of the different
symbol instances.

In an embodiment, the received instance of a subcarrier
symbol is expressed as a truncated Taylor expansion at least
including the time-independent zero” order term of the
expansion, which is estimated at the receiver for each symbol,
and the first order term including the ICI contributions to the
received instance of the subcarrier, the ICI contributions can
be minimized by appropriate weighted combinations of the
various instances of the subcarrier.

In an embodiment, the combination of the subcarrier sig-
nals is based on the estimated inter-channel interference con-
tributions at the subcarrier from its nearest neighbor subcar-
riers only. This has been based on the knowledge that the
majority of the ICI contributions to a subcarrier are caused by
interference from its nearest neighbor subcarriers. The near-
est two neighbors account for over 60% of the total ICI,
whereas the nearest four neighbors account of over 75% of
the total ICI. Hence, by only considering some of the other
instances of the subcarrier for the determination of the ICI
contribution to a subcarrier instance, the complexity of the
processor is reduced at the cost of a negligible increase in bit
errors in the processed signal.

In a preferred embodiment, the processor further com-
prises a data storage portion comprising a set of predefined
vectors having a number of fields corresponding to the num-
ber of different instances of the same symbol, each field
containing a weight factor, wherein the processor is arranged
to generate a plurality of channel response products by mul-
tiplying the channel responses of the subcarriers in the dif-
ferent instances relating to the same symbol with the corre-
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sponding weight factor from a predefined vector selected
from said set and to combine the channel response products,
said predefined vector being selected such that the inter-
carrier interference contribution to the combined channel
response products is reduced. This has the advantage that an
accurate cancellation of the ICI contributions to a subcarrier
can be achieved with a processor of limited complexity.

Advantageously, the processor is arranged to select the
predefined vector from said set for which the combined chan-
nel response products have the maximum signal-to-interfer-
ence-and-noise ratio (SINR). The SINR optimization metric
has been demonstrated to yield a low-cost implementation of
the combining algorithm of different instances of the same
symbol on the processor of the present invention.

Alternatively, the processor is arranged to select the pre-
defined vector from said set for which the combined channel
response products lead to a sufficiently improved minimum
Euclidian or absolute distance in the combined signal.

It is not necessary for the processor of the present invention
to use preset vectors to combine the different instances of the
same symbol. In a further embodiment, the processor is
arranged to combine the subcarriers relating to the same
symbol in the respective instances of the same symbol using
a minimum mean-squared error (MMSE) metric to obtain a
maximum signal-to-interference-and-noise ratio for said
symbol.

Alternatively, the processor is arranged to combine the
subcarriers relating to the same symbol in the respective
different instances of the same symbol using an approxima-
tion of the MMSE metric, to obtain a sufficiently improved
signal-to-interference-and-noise ratio for said symbol.

Both the MMSE and approximation of MMSE metrics also
achieve an effective cancellation of the ICI contribution to the
subcarrier of interest.

The processor of the present invention may be advanta-
geously integrated in a receiver further comprising a fast
Fourier transformation stage for transforming a plurality of
frequency-divided multiplexed subcarriers, each subcarrier
comprising a symbol, wherein at least two subcarriers com-
prise different instances of the same symbol; a processor of
the present invention coupled to the fast Fourier transforma-
tion stage; and a post-processing stage coupled to the proces-
sor for decoding the combined subcarrier signals.

Such areceiver is more robust against Doppler spreading of
a transmitted frequency divided multiplexed signal such as
OFDM signal than prior art receivers. It will be appreciated
that the fast Fourier transform stage, the processor and the
post-processing stage do not have to be discrete components.
At least one of the fast Fourier transform stage and the post-
processing stage may be located on the same dye as the
processor, e.g. in the form of a system-on-chip or the like.

In an embodiment, the receiver further comprises a plural-
ity of antennas coupled to the fast Fourier transformation
stage, each antenna being arranged to receive an instance of
the plurality of frequency-divided multiplexed subcarriers,
wherein the different instances of the same symbol are
obtained from different instances of the plurality of fre-
quency-divided multiplexed subcarriers as received by differ-
ent antennas.

The receiver may further comprise an antenna selection
stage for selecting one of said antennas, wherein the post-
processing stage comprises a soft bit computation stage
arranged to calculate the soft bits for a subcarrier received by
the selected antenna.

According to a further aspect of the present invention, there
is provided a method of processing a plurality of Fourier-
transformed antenna signals, each signal comprising a plu-
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4

rality of frequency-divided multiplexed subcarriers, each
subcarrier comprising a symbol, wherein at least two subcar-
riers comprise different instances of the same symbol, said
method comprising estimating, for each instance, the inter-
carrier interference contribution to said symbol received in a
subcarrier from its neighboring subcarriers due to time-vary-
ing channel response; and combining the subcarriers relating
to the same symbol in the respective antenna signals based on
the estimated inter-channel interference contributions.

This has the advantage of producing a combined symbol
representation signal in which the inter-carrier interference
contributions to the various subcarriers combined into this
signal have been reduced, such that upon decoding this signal,
an improved bit error rate is obtained.

Preferably, the method further comprises providing a set of
predefined vectors having a number of fields corresponding to
the number of antenna signals, each field containing a weight
factor; generating a plurality of channel response products by
multiplying the channel responses of the subcarriers relating
to the same symbol with the corresponding weight factor
from a predefined vector selected from said set; and combin-
ing the channel response products, said predefined vector
being selected such that the inter-channel interference contri-
bution to the combined channel response products is reduced.

This embodiment of the method of the present invention
can be implemented on a processor without requiring calcu-
lation steps that can only be realized with a large number of
gates.

BRIEF DESCRIPTION OF THE EMBODIMENTS

Embodiments of the invention are described in more detail
and by way of non-limiting examples with reference to the
accompanying drawings, wherein:

FIG. 1 depicts an example embodiment of the receiver of
the present invention;

FIG. 2 depicts the ICI contribution to a subcarrier from its
neighboring subcarriers;

FIG. 3 depicts the BER versus maximum Doppler fre-
quency performance in a near scatter environment for a
receiver according to an embodiment of the present invention;

FIGS. 4 and 5 depict the BER versus maximum Doppler
frequency performance for a receiver according to another
embodiment of the present invention in a near scatter envi-
ronment and a far scatter environment respectively;

FIG. 6 depicts another example embodiment of the receiver
of the present invention;

FIGS. 7 and 8 depict the BER versus maximum Doppler
frequency performance for areceiver according to yet another
embodiment of the present invention in a near scatter envi-
ronment and a far scatter environment respectively; and

FIGS. 9 and 10 depict the BER versus maximum Doppler
frequency performance for a receiver according to a further
embodiment of the present invention in a near scatter envi-
ronment and a far scatter environment respectively.

DETAILED DESCRIPTION OF THE DRAWINGS

It should be understood that the Figures are merely sche-
matic and are not drawn to scale. It should also be understood
that the same reference numerals are used throughout the
Figures to indicate the same or similar parts.

In the detailed description of this application, the concept
of'the present invention will be explained in more detail based
onthe concept of multiple instances of the same symbol being
received by different antennas. However, this is for the sake of
brevity only and the present invention may be applied to
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different scenarios, including scenarios in which symbol
redundancy has been intentionally added, such as a scenario
in which different subcarriers within the same signal contain
the same symbol or a scenario in which different signals
contain the same symbol, e.g. in respective subcarriers of
these signals.

FIG. 1 schematically depicts a receiver according to an
embodiment of the present invention. The receiver comprises
a plurality of antenna stages 100. Two antenna stages 100a
and 10056 are shown by way of non-limiting example only.
The skilled person will understand that any number of
antenna stages may be included in such a receiver design.
Each antenna stage 100 comprises a receive antenna 102 for
receiving a frequency-divided multiple subcarrier compris-
ing signal such as a signal generated according to the OFDM
scheme. Each antenna 102 is coupled to a RX filter and an
analogue/digital conversion stage, which for the sake of sim-
plicity are represented by a single block 104 in each antenna
stage 100, although it should be understood that these func-
tionalities may instead be implemented by discrete compo-
nents. The digitized received signal is subsequently for-
warded to a guard interval removal stage 106 and a fast-
Fourier transformation stage 108 for transforming the
received signal from the time domain to the frequency
domain.

The various stages of the antenna stages 100 may be real-
ized using any suitable functional component known to the
skilled person. This may include implementation by means of
discrete hardware components or by means of a signal pro-
cessor implementing several of these functions in software.
Also, although each antenna stage 100 is shown to have
discrete components, e.g. discrete fast-Fourier transforma-
tion stages 108, it is emphasized that alternative implemen-
tations in which a single stage such as the fast-Fourier trans-
formation stage 108 has multiple inputs to handle the
incoming signals from all antenna stages 100 is equally fea-
sible. Other variations will be apparent to the skilled person.

The receiver further comprises a processor 110 for imple-
menting an embodiment of the method of the present inven-
tion. The processor 110 comprises a plurality of channel
estimation stages 112, one for each antenna stage 100. The
channel estimation stages 112 are arranged to compute chan-
nel gains and channel derivatives for each subcarrier and to
provide a channel estimation signal to the preset combining
weight/antenna selection stage 114, which is further arranged
to select the best one of the preset combining weights or
antennas for each subcarrier, as will be explained in more
detail later in the description of the various embodiments of
the method of the present invention. The preset combining
weight/antenna selection stage 114 arranged to provide a
channel computation result including selected antenna infor-
mation or a channel combination weight information to the
subcarrier combining stage 116, which is further arranged to
receive the received antenna signals directly from the antenna
stages 100 such that the subcarrier combination stage 116 can
combine the subcarrier of interest based on the analysis of the
antenna signals performed by the preset combining weight/
antenna selection stage 114. The preset combining weight/
antenna selection stage 114 is further arranged to provide the
post-processing stage with channel gains and channel deriva-
tive gains for the combined signal using the selected antenna
or preset combining weights through path 118.

The combined subcarrier signal is forwarded to the post-
processing stage formed by the soft bit computation stage
120, the further block 130 in which interleaving and/or
scrambling operations may be performed, and the decoder
140 such as a Viterbi decoder for decoding the encoded signal
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generated by the transmitter of the signal received by the
receiver of the present invention. The decoder 140 produces
the data 150 to be forwarded to a further data processor (not
shown). Hence, the post-processing stage implements a
decoding stage for the combined signal from the subcarrier
combination stage 116.

In FIG. 1, the decoding stage implements a soft output
Viterbi algorithm by way of non-limiting example. In this
algorithm, the soft bit computation stage 120 is arranged to
receive survivor path information, i.e. the information con-
cerning the selected antenna, from the preset combining
weight/antenna selection stage 114 through signal path 118.
By using the combined signal from preset combining weight/
antenna selection stage 114 and computing the signal-to-
interference level in the combined signal by using channel
gain of the combined signal and the channel derivatives in the
combined signal obtained through signal path 118, the soft bit
computation stage 120 estimates the transmitted bits in the
combined signal, and may also compute the reliability of
these estimations which may be further used in the post pro-
cessing stages such as Viterbi decoder. Soft bit computation
stage 120 may also further comprise an ICI subtraction step
first in which the ICI signal is estimated in the combined
signal and subtracted from the combined signal and then the
transmitted bits in the combined signal are estimated together
with the reliability of these estimations. It is however empha-
sized that alternative decoding algorithms may be used, for
which the soft bit computation stage 120 and the signal path
118 may be omitted. The exact implementation of the post-
processing or decoding stage is not essential to the present
invention and any suitable implementation may be contem-
plated.

In addition, it should be understood that although the
inventive concept of the present invention mainly resides in
the processor 110, it should be understood that this does not
exclude the processor from further comprising at least some
parts of the antenna stages 100 and/or the post-processing
stage.

The inventive concept of the present invention can be sum-
marized by the combination of multiple instances of the same
subcarrier as received by the various antennas 102, in which
the weight assigned to each subcarrier in the combined signal
is determined on an estimation of the magnitude of the ICI in
that subcarrier instance. The determination of the weight
assignment may be done in several ways, as will be explained
in more detail in the following theoretical description of the
method of the present invention.

This description of the method of the present invention is,
by way of non-limiting example, based on a conventional
OFDM system with M receive antennas where N complex
symbols, s=[s,; s, . . . ; S5, are modulated onto N orthogonal
subcarriers by using an N-point IFFT. It is assumed that a
cyclic prefix longer than the length of the channel impulse
response is added to the signal to prevent inter-block-inter-
ference, such that only ICI needs to be considered. The trans-
mitted OFDM signal is assumed to travel through a wide
sense stationary time varying multipath channel consisting of
uncorrelated paths with complex attenuation {h, (t)} and a
delay of {t,} with an impulse response:

L-1 [¢8]
It 7) = Y 03 = 70),

=0
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for the i” receive antenna where L is the number of multipath
components. Following the notation previously disclosed in
e.g. A. Gorokhov et al. in IEEE Transactions on Communi-
cations, Vol. 52, No. 4, 2004, pages 572-583 Following the
same notation, the baseband received signal at the i receive
antenna in time domain is denoted r,(t) and express it as:

N-1
T = 3" Hin(0el ™5, + (0,

m=0

@

where:

Hip(0) = ) by (e 2
t

Is the response of subcarrier m at time t at the i antenna, f, is
the subcarrier frequency spacing and v,(t) is the additive white
Gaussian noise (AWGN) with variance ¢, at the i” antenna.
Following the approach discussed in Gorokhov etal., H, ()
can be approximated by using Taylor series expansion around
1, up to the first-order term as:

H; o (OHy (t0)+H 1, (10)(1=10) 3

where t, can be chosen as the middle of the windowed OFDM
symbol. Using (3), after sampling the received signal, appro-
priate windowing and FFT operation, the baseband received
signal at the m” subcarrier of the i” antenna, y, . can be
approximated as:

N-1 4
Yim % Him(t0)sm + | HLy(10)Zmpnn + O
n=0

where

S = (k= N [ 2)el2rimmmkiN,
. 2
NS k=0

with t, chosen as the middle of the windowed OFDM
symbol. The term in the summation of (4) represents the ICI
term that the m” subcarrier experiences. The term 0, in equa-
tion 4 is the m” noise sample after the fast Fourier transfor-
mation. Equation (4) forms the basis of the ICI aware subcar-
rier based antenna selection/preset combining weight
selection for Doppler spread compensation of the embodi-
ments of the method of the present invention. Equation 4 is
typically provided at the output of the fast-Fourier transfor-
mation stages 108.

In a preferred embodiment, the channel gain and channel
derivative of subcarrier m during each OFDM symbol, i.e.,
{H,,,(t0)} and {H', ,(t0)}, are estimated for each antenna in
respective channel estimation blocks 112. Because some of
the s, in (4) are pilot symbols that are known a priori at the
receiver because their values are defined in the appropriate
communication standard, the received signals for these pilot
subcarriers can be used to estimate the channel gains H. For
the other subcarriers where the data is transmitted, the chan-
nel gains can be estimated by interpolating in time and fre-
quency over the channel gains obtained for the pilot subcar-
riers. One way of obtaining the channel derivatives for each
subcarrier is as follows:
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Him(to + Torpm) — Him(to — Torpm)

2Torpm

Hi (1) =

where H, ,(to+F orpa,) and H, ,(to-Toppa,) represent the
channel frequency response of subcarrier m of i” antenna for
the next and previous OFDM symbols, respectively, and
T orpar 18 the OFDM symbol duration, i.e., 1=f +TCP with
TCP being the duration of the guard interval.

The time-invariant and time-variant parts of each OFDM
symbol, i.e. the terms {H, ,,(t0)} and {H', ,,(t0)} as estimated
by the channel estimation blocks 112, are used to combine the
different instances of the same symbol as received through the
different channels via respective antennas 102. To this end,
the preset combining weight/antenna selection stage 114
implements a metric for determining how the various
instances of the OFDM symbol should be combined such that
the BER in the data signal 150 is minimized. In other words,
this metric targets to minimize the Doppler spread in the
combined signal by deciding which weights should be
assigned to the different instances of the symbol to obtain the
combined signal.

The present invention incorporates several embodiments
of such a decision metric. These embodiments have in com-
mon that they are based on the approximation that the recep-
tion of the OFDM symbol centered around time t,, thus, the t,
terms in the channel and channel derivatives are dropped for
the sake of simplicity. Without losing generality, it is assumed
that the modulated symbols have unit norm power, i.e.,
E[ls,I*]=1. Stacking all the received signals from each receive
antenna for m” subcarrier, the received signal can be repre-
sented in a vector formas: ¥, =[y, i Yami - - -  Yazml» Which
may be approximated by the estimated time variant and time
invariant channel contributions:

Hipm Hi, O )
N-1 ,
Hym Hyp | Fom
x . Sm + . SmnSn + .
n=0
Him Hig O m

N-1

X ConSm + Z AnZmpnSn + O
=0

For antenna selection, any suitable decision metric is used to
select the signal on the k” receive antenna for the m” subcar-
rier, and uses only that signal for computing the soft bits
transmitted on the m™ subcarrier, as indicated by signal path
118 in FIG. 1. Antenna selection metrics are known per se,
and will therefore not be discussed in further detail for the
sake of brevity only.

In accordance with a first embodiment, the preset combin-
ing weight/antenna selection stage 114 is arranged to perform
a preset combining weight selection (PCW selection) for the
various instances of the OFDM symbol of interest. To this
end, the preset combining weight/antenna selection stage 114
comprises a data storage block, e.g. a ROM, RAM, flash
memory, or any other suitable data storage medium, in which
set of predefined combining weight vectors, ie., {p,;
Do - - -5 P} are stored. Similar to antenna selection, PCW
selection is designed to choose the best combining weight
vector and uses this vector to combine the signals from mul-
tiple antennas. It will be appreciated that any suitable set of
vectors may be predefined. In an embodiment, in order to
keep the complexity of combining the signals low, the com-
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bining weights from which the set of vectors has been created
is limited to {0, 1, -1, j, =i}, wherein j is the imaginary
number corresponding to the square root of —1. This has the
advantage that the signal combination in combination stage
116 can be realized by means of addition and/or subtraction
only, thus limiting the complexity of this stage.

For a two receive antenna system such as the receiver
shown in FIG. 1, preset combining weights may for instance
be chosen from the set PCW as:

pePCW={[1,01,[0,1],[L,1],[1,-11,[Lj/,/1,~if}, ®)

It should be realized that antenna selection is a special kind of
PCW selection where the PCW set has only M weight vectors
as the row vectors of an MxM size identity matrix. Thus, in
the following, the focus will be on the PCW selection process
only.

When the preset combining weight vector p is used for the
m? subcarrier, the combined signal can be represented simply
as:

N-1

= PV % (PCSm+ 3 (Pd,)Enn + PO
n=0

)

Thus, the combining process converts multiple observations
of'the signal into a single observation ¥,,. The combining task
relies on the selection of an appropriate decision metric for
choosing the best preset weight vector. It will be evident that
this exercise should attempt to maximize the magnitude of
Ipc,,| whilst keeping {Ipd |} as low as possible.

A suitable metric for the preset vector selection is signal-
to-interference-and-noise (SINR) optimization, which is one
of the most popular metrics considered in the design of
receiver structures. It is widely used in interference-limited
systems such as MIMO and CDMA receivers. For OFDM
receivers suffering from ICI, when a preset combining weight
vector p is used, the SINR at the m” subcarrier can be
expressed as:

2 (10)
SINRy = = Ipc,l

ZO |pd, P 1Emnl? + | PP
f

Due to its practicality, the SINR metric can be chosen as a
decision metric for antenna or preset combining weight selec-
tion.
For the exact computation of SINRm for each possible preset
combining vector, the ICI contribution of all subcarriers to
subcarrier m should be considered. However, such an
approach significantly increases the computational complex-
ity of selection process. However, for any subcarrier, the
majority of its amount of ICI is caused by interference with its
closest neighbouring subcarriers. The effect of each subcar-
rier to the other subcarriers can be assessed by the terms =, ,
in equation (4), where these terms only depend on the fre-
quency spacing between the subcarriers, i.e., (n-m). This is
demonstrated in FIG. 2, which depicts the ICI contribution of
neighbouring subcarriers to the m™ subcarrier by plotting
|=,,,,12 versus (n-m). As can be seen from FIG. 2, the closest
two subcarriers amount to around 60.83% of the total ICI
contribution in terms of power whereas the closest four sub-
carriers amount to around 76.03%.

Another significant factor increasing the complexity of the
signal combination is that for each neighbouring subcarrier,
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different spatial signatures, i.e., {d,}, are required to be
weighted by =, . Due to the fact that the closest neighbour-
ing subcarriers are generating the majority of the ICI, and the
channel and its derivatives change very slowly over the fre-
quencies of these subcarriers, a valid approximation is to
assume that the ICI generating subcarriers have the same
spatial signature as the ICI contribution of subcarrier m itself,
such that for the computation of SINR,,, H',, ~H', ,,, which
yields d,~d,,. This simple approximation leads to the simple
approximation of SINR, as:

Pl an

SINRy ~ SINR, = ——"
" " lpd,La+|plPod

where the term is a=2,_, |7 constant, e.g., around
6.7x107®8 for a 1116 Hz subcarrier spacing in a 8K OFDM
mode of DVB-T. Thus, with this approximation, a significant
number of multiplications and additions can be avoided for
approximating the SINR,, when p is used as the combining
weight vector. Hence, this approximation greatly reduces the
complexity of the preset combining weight/antenna selection
stage 114.

An alternative metric that may be considered for designing
receivers is minimum Euclidian distance. Minimum Euclid-
ian distance determines the BER for the worst case scenario.
For computing the minimum Euclidian distance, the same
approach as used for the approximation of SINR, ,i.e. d,~d,,
may be used. Thus, the received signal at the m” subcarrier
after antenna selection or PCW combining can be further
approximated as:

N-1|m=
1=,
;

N-1
T % (P )sm + (pdm>[2 Ensn

n=t

(12)
+ pOn.

If the ICI terms in equation (12) were all zero, then the
minimum Euclidian distance would be d, ,,,,=Ipc,,|d, where d,
describes the minimum Euclidian distance of X-QAM
(Quadrature Amplitude Modulation) modulation. A lower
bound on the minimum normalized Euclidian distance can be

devised as:

N-1 13
[peyldx —1pd,|- ~— max E [Emnsn
{lso»--- sy—11} =

ninm =

Ipl

which can be further approximated as:

[peyldx —1pd,|B 14

Ginm(P) 2 dipm(p) = 7l

where B=ls,,,,..XQAMIZ,_ Y 1Z,, | with s, X-QAMI as
the constellation point in X-QAM modulation with highest
norm. Since d,~d,, holds for low In-ml, i.e. for nearest neigh-
bours such as the two or four nearest neighbours, f=lIs,,,..
XQAMIZ,_, =, | with being the pairs of nearest neigh-
bours included in the approximation, e.g. {i=1,2}, is used for
the antenna or preset combining weight selection process.
At this point, it is observed that although the computation

of dy, ,, requires the computation of Ipc,| and Ipd,,| for all
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possible {p}, the multiplication of preset combining vector p
with ¢, ord,, is a multiplication merely with {0, +1; £} due
to the limited set of weight factors selected for inclusion the
preset combining vectors. Thus, this implementation does not
include any real multiplications but simple additions or sub-
tractions such that the complexity of the combining stage 116
is kept low, thus reducing the implementation cost of this
stage. However, the computation of the norm of a complex
number requires 2 real multiplications, 1 real addition and a
square-root operation which may be quite costly for imple-
mentation.

As an alternative to a Euclidian distance metric, an absolute
value distance metric such as disclosed by M. Ghosh et al. in
the Proc. Of the IEEE Conference on Acoustics, Speech and
Signal Processing 2005, Vol. 3 pages 1025-1028 may be used
for the antenna or preset combining weight selection process.
In this metric, the d decision criterion is used decision

abs,m

criteria for selection of preset combining weights:

[Re{pc, | + Im{pc,, }| = y(Re[pd,,}| + Im{pd,,})
Ipl

1s)

where y~3/d,. is a constant, e.g., 0.0009 for 16 QAM modu-
lation with £=1116 Hz. Since all 1/Ipl’s are known, this
approximation requires only 3 real multiplications and a few
real additions/subtractions depending on p.

After the subcarrier combining stage 116, the receiver has
single observation of the signal as

N-1

Yem = HemSm + Z H; , EmnSn + Ocm,
n=0

(16)

where H_,=pc, is the channel gain of subcarrier m,
H'_,,=pd,, is the channel derivative of subcarrier n in the com-
bined signal, and v, , is the additive white Gaussian noise
term. Both of {H_, } and {H'_,} are provided to soft bit
computation stage 120 via 118. Transmitted symbols,, can be
estimated by simply diving the combined signal by the com-
bined channel gain, e.g., S, _cimarea™ e/ He - The log-like-
lihood-ratio (LLR) of'the transmitted bits in s,,, can be further
estimated considering the sum of both additive white Gauss-
ian noise power and the ICI power in the combined signal as

Troise + Z
"

| Hegn 2

o2

noise+ICIm

an

2
— 2
ES
:

| Hem |2

2
= ’
= H,

Troise +

1
Hc,n

2
m,n

The soft bit computation stage may further comprise an ICI
subtraction stage first before the LLR computation as dis-
closed by S. A. Husen et al. in 25? Symposium on Informa-
tion Theory in the Benelux, 2004 (see e.g. http://www.
win.tue.nl/wic2004/30.pdf). In such a case, the estimated
symbol takes the form of s,, . imared Veom=Yem1/Hemo1
H' 745 Y = UNNRIC N U | and the
remaining ICI plus noise power to compute the LLRs of the
transmitted bits becomes

=
cm=1"mm—1"Y c;m+1 —
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) 2 2 (18)

Troise =

1
H, cn

nEm+lm-1 m,n

| Hem |2

noise+1Clm

2

,
Troise + He

-2
1z,

n#Fm+1lm-1

[ Hen I*

The effect of the weighted vector signal combination using
the SINR metric of equation (11), the minimum Euclidian
distance metric of equation (14) and the absolute value dis-
tance metric of equation (15) are demonstrated in FIGS. 4 and
5, which show the effect on the BER by the signal combina-
tion using these metrics in a near-scatter and far-scatter envi-
ronments respectively. For comparison purposes, FIG. 3
shows the effect of these metrics on the BER when used for
antenna selection only in a near-scatter environment.

These figures have been generated from numerical calcu-
lations to demonstrate the Doppler compensation perfor-
mance of the proposed ICI aware antenna and PCW selection
with these decision metrics. In these simulations, a DVB-T
signal in 8K OFDM mode with a guard interval of Yaand 1116
Hz of subcarrier spacing and a reception of 16 QAM modu-
lation with a convolutional coding rate R=%4 as specified in
DVB-T standard was considered. The BER performance of
antenna and PCW selection schemes at C/N=25 dB with
various Doppler frequencies has been analyzed for a receiver
having two receive antennas which observe two different
TU-6 channels. The simulations have been based on the
assumption that the channel estimation is done by simply
windowing the OFDM signal, and that the FFT of only scat-
tered pilots are taken to obtain the channel impulse response
in time domain, and thatthe IFFT is taken of the portion of the
estimated impulse response in the %12 of the samples to obtain
the frequency response of the channel. The BER curves are
obtained by simulating 1000 channel realizations with 4
OFDM symbols per channel realization.

FIGS. 3 and 4 show the maximum Doppler frequency vs.
BER performance of ICI aware subcarrier based selection
schemes in a near-scatter environment when using antenna
selection and signal combination respectively where each
multipath component is a summation of many scattered sig-
nal from different angle-of-arrivals. Thus, it is assumed that
the two receive antennas observe independent and identically
distributed TU-6 channels. In a near scatter environment, it is
observed from FIG. 3 that all of ICI aware antenna selection
schemes perform quite similar and outperform the conven-
tional SNR based selection. For a target BER of 2x107*, the
SNR based selection scheme provides a Doppler tolerance of
around 95 Hz whereas others provide around 105 Hz.

As shown in FIG. 4, for PCW selection, it is observed that
the SINR decision metric provides the best performance,
followed by the Euclidian distance and the absolute value
distance as expected. However, it is important to stipulate that
all these PCW selection schemes outperform the SNR based
selection PCM selection scheme, as well as all antenna selec-
tion schemes of FIG. 3. For a target BER of 2x10%, the SNR
based PCM selection scheme provides a Doppler tolerance of
around 115 Hz whereas SINR, Euclidian distance and abso-
Iute value distance based PCW selection schemes provide
around 170, 155 and 140 Hz of Doppler tolerance respec-
tively, which is a dramatic improvement of the antenna selec-
tion based performance.

FIG. 5 shows the maximum Doppler frequency vs. BER
performance of ICI aware PCW selection scheme in a far
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scatter environment where each multipath component is due
to a single scattered signal from a certain angle-of-arrival. Itis
assumed that the antenna spacing is only 3A where A is the
wavelength of the signal, and that there is no coupling
between the antennas. Due to the poor scattering environ-
ment, the multipath components of the TU-6 channel that
each antenna experiences are only phase-shifted versions of
each other. Thus, the different TU-6 channels that the anten-
nas experience are quite correlated. Due to high correlation in
the time-varying channel, the diversity that ICI aware selec-
tion schemes can exploit is less than the near-scattering sce-
nario.

Moreover, the spatial signatures the fixed and time-varying
part of the channel form, i.e., {d } and {c }, become corre-
lated in far scattering environment. This has two different
impacts on Doppler tolerance. Due to this correlation, the
interference power and signal power are correlated leading to
less wild SINR realizations, e.g., less deep fades in SINR per
antenna, which leads better reception quality in mobile sce-
narios. However, at the same time, it is more difficult to avoid
ICI by selection mechanisms only. Although not shown in a
separate figure, it is reported that the various aforementioned
decision metrics yield a similar Doppler tolerance in antenna
selection schemes in far scattering environment. An improved
performance is obtained by the PCW-based signal combina-
tion approach shown in FIG. 5. As can be seen in FIG. 5, the
ICI aware PCW selection still outperforms SNR based PCW
selection, but not as much as in the near-scattering environ-
ment.

At this point, it is emphasized that the preset combining
weight/antenna selection stage 114 of FIG. 1 is arranged to
provide the subcarrier combining stage 116 with the combi-
nation instructions in the form of a selected preset weights
vector, as discussed above. However, it should be appreciated
that other implementations are also feasible. An alternative
implementation of a receiver of the present invention is shown
in FIG. 6, in which a combining weight computation stage
210is arranged to provide the subcarrier combining stage 116
with individual weights for each subcarrier through signal
paths 212 and 214.

In this embodiment, the combining weight computation
stage 210 does not implement a selection metric for selecting
the appropriate preset vector but calculates appropriate
weight factors for each subcarrier from the channel frequency
responses estimated by respective channel estimation stages
112. Examples of suitable metrics implemented by the com-
bining weight computation stage 210 to calculate the subcar-
rier weight factors are given below. Following on from equa-
tions (1)-(7), the spatial signatures, i.e., c,, and {d, }, may be
utilized in a minimum mean-squared error (MMSE) spatial
combining scheme. Such schemes are known to provide the
best linear combining scheme maximizing the SINR. Hence,
the MMSE spatial combining scheme at the m” subcarrier,
g, M5E can be found by solving the optimization problem:

MMSE = argminE[ | g — S %] 19

&m

&

The optimization problem is similar to the known optimiza-
tion problem of finding the MMSE detector for MIMO sys-
tems and synchronous CDMA systems. Following similar
mathematical analysis as in H. Sampath et al., IEEE Trans-
actions on Communations, 49, Vol. 12, 2001, pages 2198-
2206, the MMSE receiver can be expressed as;
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Zmn

-1
2 dndl + o'ﬁl] Cme

N-1
MMSE _ t
n=0

Note that g, ** maximizes the signal-to-interference ratio
of'the signal:

T em P 2D
SINR, = | gmCm |

No1
|gf;dn P |Zmn 2 +] o [ o2

n=

which determines the performance. Even if g M ig

unique, the SINR,, maximizing combiner is not. Any scaled
MMSE

versionofg, , Lie., {-’."‘ L‘,"§ =ag, *E and 00}, also
maximizes the SINR,,. A special scaled version of MMSE
combiner may therefore be expressed as:

1 -1
- 2 2
| B |* dud} + 01

=

22)
SINR _

m Cm

5
I
=3

which is a preferred embodiment of this combiner due to its
simpler implementation in terms of hardware. The calcula-
tion of g, "% requires basically six steps:

1: Computation of the intercarrier interference covariance
matrix

B Eg™ B P, 40,2 D);

2: Inverting the matrix of size MxM, i.e., B ,~';

3: Multiplication of the MxM size matrix E,, - with Mx1-size
vector ¢,,,

4: Normalization of the combining weights, i.e., Ig,,I>=1, for
maintaining the noise power fixed over the subcarriers;

5: Combining the received signals with the computed com-
biner weights; and

6: Computing the channel gain of the combined signal.

For the computation of the exact E,,, the ICI contribution of
all subcarriers to subcarrier m should be considered, which
increases the computational complexity of E,, significantly.
However, as already has been discussed in the context of FIG.
2, a major amount of ICI experienced by a subcarrier is
generated by interference with the nearest neighbouring sub-
carriers. Consequently, when applying the previously dis-
cussed approximation d,~d,,, E , may be approximated by:

E, ~d,d ta+o 2l (23)

Mg
m

where the term =2, _, |7 is a constant, e.g., around
6.7x107®8 for a 1116 Hz subcarrier spacing in a 8K OFDM
mode of DVB-T, as previously discussed. This approximation
of' E,, also simplifies the matrix inversion step. By using the
matrix inversion property of

-1 X laad' x7!

X+ad) =x'-__—"_
( aa’) l+a'X1a

for a positive semidefinite matrix X, E,,~* can be expressed
as:
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1(1 % dd*) 24)
m " o2\ T Zrald, P

Since any scaled version of g, **® also maximizes SINR ,

the first term 1/0, in the right of the approximation can be
neglected, thus arriving at the following simple Doppler com-
pensating combiner (SDCC):

spcc _ a(dfcm) (25)

" T ralda P

It should be observed that when the channel is static during
one OFDM symbol, d,=0, and the proposed combiner
reduces to the simple maximum ratio combiner, i.e.
g, P<“=C, . In another extreme case where the ICI is much
larger than the noise, i.e., 0,><<ald, |?, the proposed com-
biner reduces to a conventional zero-forcing solution, i.e.,
g, PC~(1-(d,d",/1d,,1*)c,, where the ICT is suppressed
completely. The g, *P““ terms are typically computed in
combining weight computation stage 210, which is arranged
to receive the channel gains, H, and the channel derivatives
from channel estimation stage 112.

FIGS. 7 and 8 depict the impact of the MMSE and SDCC
subcarrier combining schemes on the BER as a function of the
maximum Doppler frequency in a near-scatter environment
and a far-scatter environment respectively. In these figures,
the performance of the MMSE and SDCC subcarrier com-
bining schemes is compared against the performance of a
maximum ratio combining scheme. The same simulation set-
up as previously discussed was used for these simulations.
The ten nearest neighbor subcarriers were included in the
MMSE combining scheme. The channel estimates were
assumed perfect for the MMSE computation such that esti-
mation errors were not considered in the calculation of the
MMSE combiner.

In the near-scatter environment, we observe that both of
SDCC and MMSE combiners outperform MRC as expected.
SDCC and MMSE perform quite similar to each other. Note
that since the channel estimates are not perfect and we utilize
an approximation for the time-varying channel, the MMSE
combiners may not perform better than SDCC. In high mobil-
ity cases, we observe that the difference between the perfor-
mance of MRC and SDCC or MMSE combiners becomes
lower. This is due to two factors: the pilots experience ICI
more severely in high mobility cases and the channel esti-
mates, thus, channel derivatives become less accurate, and
degrading the performance of MMSE/SDCC combiners due
to less accurate computation of SINR maximizing combiners.
Secondly, the first order Taylor series approximation of the
time varying channel does not provide good modelling of the
channel in very high mobility cases. However, in a wide range
of maximum Doppler frequencies, the SDCC and MMSE
combiners provide significant performance improvements
with respect to MRC.

At this point, it is noted that the performance of the MMSE
and SDCC combining schemes may be further improved by
an additional log-likelihood ratio (LLR) computation step
considering the ICI levels at each subcarrier following the
combining step, by an additional 3-tap ICI cancellation
scheme as disclosed by S. A. Husen et al. in 25” Symposium
on Information Theory in the Benelux, 2004 (see e.g. http://
www.win.tue.nl/wic2004/30.pdf), or by a combination of
these techniques. The performance of these different options
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in a near-scatter environment is summarized in Table I, which
shows the maximum Doppler frequencies that MRC and
SDCC/MMSE can tolerate with quasi-error free (QEF) per-
formance. It is reiterated that in DVB-T systems, QEF per-
formance is defined as a BER of 2x107* or less.

TABLE I
Combiner +
Combiner + 3-  LLR + 3-
Combiner Combiner Combiner + TAP ICI TAP ICI
Type Only LLR cancellation  cancellation
MRC 122 136 140 170
SDCC/MMSE 246 260 254 262

It is evident that SDCC and MMSE combiner schemes can
significantly enhance the Doppler tolerance of the system
when compared to conventional MRC combining.

For a two-antenna receiver, the SDCC combiner scheme
may be further approximated. In a two-antenna system, g,,°-

pcc may be expressed as:

-
soec_ | K+ Hnz |
SDEC

—Hy,  Hy» M Hp

(26)
K+|Hy, P |l Hi2 }

1% ppt
_Hm,IHm,Z

wherein:

o
K_

=
2 |Ennl?
Normalization of this expression is simply achieved by:

spce
&m

SDCCt
Vengbcc

gi\n/—SDCC — @n

where (.)" denotes the Hermitian operator on the vector/ma-
trix. The thus normalized combined weights are combined as:

~ospeet [ym,l } (28)

Yem ® &,
Ym2

after which the channel gains and channel derivates in the
combined may also be computed using ICI subtraction and
soft-bit (LLR) computation steps:

@29

Hem = g

N-spcct [ Hiny }
" Hyp
Hyy
Hy,

The complexity of the SDCC combining step may be
reduces as follows. Ithas been recognized that the second step
of the SDCC scheme, in which the combining weights are
normalized, i.e. equation (24), requires a square root opera-
tion and a divisional operation, both of which are costly in
terms of required number of processing cycles in a fixed point
implementation.
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This cost may be reduced by a first approximation:
VeI SR (g, 5041
{gma P I {g, 5P 1414 {g,, 7S €Y

which removes the square root operation and four multipli-
cation operation. R and I are the real and imaginary parts of
these terms, respectively. The division operation may be
removed based on the observation that the new simplified
SDCC combiner may be expressed as:

spcc
N-SDCC _ 8m

T MgSDEC | + | gD +

m,1

[P + | g Y +

(B2

The denominator may be approximated by a second
approximation:

BT, {gmylsDCC}‘ +53{ gm,lsDCC}\H W {gm,stCC}
133 {g,, P2 (33)

with 1/x~27". Hence, g, *"““ may be approximated by

g, N PCCag SPCCY O thus obviating the need to perform a
division operation in the SDCC combining process, which
further reduces the computational complexity.

The same simulation set-up as previously discussed has
been used to simulate the BER versus maximum Doppler
frequency performance when using the non-approximated
SDCC combiner, an SDCC combiner including the first
approximation and an SDCC combiner using the first and
second approximation in a near-scattering and far-scattering
environment. The results are shown in FIGS. 9 and 10 respec-
tively. It is demonstrated that the approximations only cause
a modest degradation of the SDCC combiner performance. It
is observed that the Doppler performances of each version of
SDCC are quite close for both channel models. The degrada-
tion is limited to only around 3-10 Hz at a BER target of
2x107* in the near-scatter channel model and to 7-9 Hz deg-
radation at the same BER target for the far-scatter channel
model.

It should be noted that the above-mentioned embodiments
illustrate rather than limit the invention, and that those skilled
in the art will be able to design many alternative embodiments
without departing from the scope of the appended claims. In
the claims, any reference signs placed between parentheses
shall not be construed as limiting the claim. The word “com-
prising” does not exclude the presence of elements or steps
other than those listed in a claim. The word “a” or “an”
preceding an element does not exclude the presence of a
plurality of such elements. The invention can be implemented
by means of hardware comprising several distinct elements.
In the device claim enumerating several means, several of
these means can be embodied by one and the same item of
hardware. The mere fact that certain measures are recited in
mutually different dependent claims does not indicate that a
combination of these measures cannot be used to advantage.

The invention claimed is:

1. An apparatus for processing a plurality of Fourier-trans-
formed instances of a symbol, each instance being comprised
in one of a plurality of frequency-divided multiplexed sub-
carriers, said apparatus comprising:

a first circuit configured to estimate, for each instance, an
instantaneous channel gain and an instantaneous inter-
carrier interference contribution to said symbol from
other subcarriers using channel change information dur-
ing said symbol; and
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a second circuit configured to combine the instances into a
single representation of said symbol based on the esti-
mated channel gain and inter-carrier interference contri-
butions.

2. The apparatus of claim 1, wherein the apparatus is
arranged to estimate said instantaneous inter-carrier interfer-
ence contributions of each subcarrier by expressing each of
the respective channel change over time as a truncated Taylor
series expansion including at least one time-variable term
related to the inter-carrier interference contribution.

3. The apparatus of claim 1, wherein said instances are
instances of the same subcarrier received by different receive
antennas.

4. The processor of claim 1, wherein the combination of the
instances is based on the estimated inter-carrier interference
contributions of the subcarrier from its nearest neighbor sub-
carriers only.

5. The apparatus of claim 1, further comprising a data
storage portion comprising a set of predefined vectors having
a number of fields corresponding to a number of different
instances of the symbol, each field containing a weight factor,
wherein the apparatus is arranged to:

generate a plurality of channel response products by mul-
tiplying the channel responses of the subcarriers in the
respective instances relating to the same symbol with the
corresponding weight factor from a predefined vector
selected from said set; and to combine the channel
response products, said predefined vector being selected
such that the inter-carrier interference contribution to the
combined channel response products is reduced.

6. The apparatus of claim 5, wherein the apparatus is
arranged to select the predefined vector from said set for
which the combined channel response products have an
improved signal-to-interference-and-noise ratio.

7. The apparatus of claim 5, wherein the apparatus is
arranged to select the predefined vector from said set for
which the combined channel response products lead to an
improved minimum Euclidian distance in the combined sig-
nal.

8. The apparatus of claim 5, wherein the apparatus is
arranged to select the predefined vector from said set for
which the combined channel response products lead to an
improved minimum absolute distance in the combined signal.

9. The apparatus of claim 1, wherein the apparatus is
arranged to combine the subcarriers relating to said symbol in
the respective instances of said symbol using a minimum
mean-squared error metric to obtain an improved signal-to-
interference-and-noise ratio for said symbol.

10. The apparatus of claim 1, wherein the apparatus is
arranged to combine the subcarriers relating to said symbol in
the respective instances of said symbol using a metric to
obtain an improved signal-to-interference-and-noise ratio for
said symbol.

11. A receiver comprising:

a fast Fourier transformation stage for transforming a plu-
rality of frequency-divided multiplexed subcarriers,
each subcarrier comprising a first symbol, wherein at
least two subcarriers comprise different instances of the
same first symbol;

the apparatus of claim 1 coupled to the fast Fourier trans-
formation stage;

and a post-processing stage coupled to the processor appa-
ratus for decoding the combined signals.

12. The receiver of claim 11, further comprising a plurality
of antennas coupled to the fast Fourier transformation stage,
each antenna being arranged to receive an instance of the
plurality of frequency-divided multiplexed subcarriers,
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wherein the different instances of the same first symbol are
obtained from different instances of the plurality of fre-
quency-divided multiplexed subcarriers as received by differ-
ent antennas.

13. The receiver of claim 12, further comprising an antenna
selection stage for selecting one of said antennas, wherein the
post-processing stage comprises a soft bit computation stage
arranged to calculate soft bits for a subcarrier received by the
selected antenna.

14. A method of processing a plurality of Fourier-trans-
formed signals using a processor, each signal comprising a
plurality of frequency-divided multiplexed subcarriers, each
subcarrier comprising a symbol, wherein at least two subcar-
riers comprise different instances of the same symbol, said
method comprising:

estimating, for each instance, an instantaneous channel

gain and an instantaneous inter-carrier interference con-
tribution to said symbol received in a subcarrier from
neighboring subcarriers using channel change informa-
tion during said symbol; and

combining subcarriers relating to the same symbol in

respective antenna signals based on the estimated chan-
nel gain and inter-channel interference contributions.

15. The method of claim 14, further comprising:

providing a set of predefined vectors having a number of

fields corresponding to a number of antenna signals,
each field containing a weight factor;

generating a plurality of channel response products by

multiplying the channel responses of the subcarriers
relating to the same symbol with the corresponding
weight factor from a predefined vector selected from
said set; and

combining the channel response products, said predefined

vector being selected such that the inter-carrier interfer-
ence contribution to the combined channel response
products is reduced.

16. An apparatus for processing a plurality of OFDM (Or-
thogonal Frequency Division Multiplexing) modulated sym-
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bols, each data symbol being comprised in one of a plurality
of frequency-divided multiplexed subcarriers, said apparatus
comprising:

a first circuit configured to estimate, for each subcarrier of
each OFDM symbol, an instantaneous, subcarrier spe-
cific channel gain and an instantaneous, subcarrier spe-
cific inter-carrier interference contribution to said sub-
carrier from other subcarriers at said OFDM symbol
using channel change information of each subcarrier
during said OFDM symbol; and

a second circuit configured to combine the subcarriers into
a single representation of said data symbol based on the
estimated channel gains of the subcarriers at said OFDM
symbols and inter-carrier interference contributions of
the subcarriers at said OFDM symbols.

17. The apparatus of claim 16, wherein the apparatus is
arranged to estimate said instantaneous and subcarrier spe-
cific inter-carrier interference contributions by expressing
each of the respective instantaneous channel changes of each
subcarrier during said OFDM symbol as a truncated Taylor
series expansion including at least one time-variable term
related to the inter-carrier interference contribution.

18. The apparatus of claim 16, further comprising a data
storage portion comprising a set of predefined vectors having
a number of fields corresponding to the number of different
instances of a symbol, each field containing a weight factor,
wherein the apparatus is arranged to:

generate a plurality of channel response products by mul-
tiplying the channel responses of the subcarriers in the
respective instances relating to the same symbol with the
corresponding weight factor from a predefined vector
selected from said set; and

to combine the channel response products, said predefined
vector being selected such that the inter-carrier interfer-
ence contribution to the combined channel response
products is reduced.
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